The effect of exogenous gibberellin (GA 3 ) on shoot apical meristem activity in conifer vegetative buds was investigated by spraying 0 or 0.1% GA 3 on the foliage of first-year Scots pine (Pinus sylvestris L.) seedlings twice weekly for 9 weeks during development of the terminal long-shoot bud. Exogenous GA 3 promoted mitotic activity in the apical zone, thereby increasing both the rate and duration of cataphyll formation and giving rise to a higher and wider apical meristem. The increase in number of cataphylls increased the number of axillary meristems, which developed as short-shoot buds.
Introduction
Cumulative evidence implicates the plant hormone gibberellin (GA) in the control of primordium initiation during the development of vegetative buds in conifers. In particular, the number of cataphylls (in Pinus) and needles (in Picea) formed in the terminal bud, and present on the shoot following elongation of the terminal bud, is stimulated by application of GA 1 , GA 3 and GA 4 in Picea glauca (Moench) Voss (Little and MacDonald 2003) , GA 4/7 in Pinus contorta Dougl. ex Loud. (Longman 1982) , and GA 3 , GA 4 and GA 9 in Pinus sylvestris L. (Little and MacDonald 2003) . However, the effect of exogenous GA on Pinus shoot apical meristem activity during vegetative bud development has yet to be documented.
In this study, we investigated the effect of foliar spraying of GA 3 during terminal long-shoot bud development on both mitotic activity and organogenic activity of the shoot apical meristem in first-year Pinus sylvestris seedlings. In addition, we observed how this treatment affected the initiation and differentiation of axillary meristems within the developing terminal long-shoot bud.
Shoot apical meristem anatomy and function
The shoot apical meristem of Pinus constitutes a dome of tissue above the most recently initiated cataphylls. In the anatomical study of a bud, observations are made on the median longitudinal section of serial sections through the bud. The shoot apical meristem of such a section exhibits cytohistological zonation (sensu Foster 1938 ) that, in pine, comprises the apical initials, the central mother cell zone, the rib meristem and the peripheral zone (Sacher 1954 , Curtis and Popham 1972 , Riding and Gifford 1973 . The apical initials, which are located at the summit of the shoot apical meristem, are larger and more lightly staining than the other surface layer cells, and have larger nuclei. The central mother cell zone extends from the apical initials to the center of the meristem and is composed of large, irregularly arranged lightly staining cells. Beneath the central mother cell zone is the rib meristem, which appears as a band of small, darkly staining cells. Bordering these three zones is the peripheral zone, composed of small, darkly staining cells. Each cytohistological zone performs a specific function. The apical initials provide cells to the central mother cell zone and the outer layer of the peripheral zone (Sacher 1954) . Mitotic divisions in the central mother cell zone supply cells to the rib meristem and the inner layers of the peripheral zone (Sacher 1954) . Mitoses in the rib meristem result in vertical files of cells that mature into the pith of the shoot (Sacher 1954 , Esau 1977 . Divisions in the peripheral zone give rise to primary needle (sensu Wareing 1950) primordia during shoot neoformation (sensu Hallé et al. 1978) in first-year seedlings and cataphyll primordia during terminal long-shoot bud development (Sacher 1954 , 1955 , Esau 1977 . The epidermis, cortex and vascular tissue of the shoot are also derived from the peripheral zone (Sacher 1954) . In shoot growth, the shoot apical meristem is responsible for organogenesis, whereas the subapical meristematic region (sensu Sachs (1965) ) of the shoot is responsible for elongation.
Materials and methods

Seedling culture
On February 24, 2000, stratified Scots pine (Pinus sylvestris) seeds (collected from a plantation of unknown provenance located in the Adirondack Mountains region, NY) were sown in a peat:vermiculite mixture (2:1; v/v) in individual RLC-7 cells (115 ml volume), which were held in Ray Leach Conetainer Single Cell System trays (20 trays, 98 cells per tray; Stuewe & Sons, Corvallis, OR). Seedlings were grown in a greenhouse compartment having a solar photon flux of about 600 µmol m -2 s -1 on sunny days. The photoperiod was extended to 20 h with 400-W high-pressure sodium vapor discharge lamps that provided a photon flux of 30 µmol m -2 s -1 at plant height. Day/night temperature was maintained close to 25/18°C. Seed germination was complete on March 3, and water and conifer seedling mineral nutrient solutions were supplied in accordance with standard nursery practice. On June 29, seedlings with the longest epicotyls were selected, placed in eight trays and transferred to a second greenhouse compartment where they received a short (8 h) photoperiod to induce the start of terminal long-shoot bud development.
GA 3 treatments
On July 19, the 21-week-old seedlings were moved to a greenhouse compartment with an ebb-and-flow irrigation system supplying nutrient solution. In this compartment, the day/night temperature was 25/18°C and the daily photoperiod 14 h, which maximizes bud size, yet minimizes lammas growth (authors' unpublished observation). Seedlings were selected for uniformity of epicotyl length (15-20 cm), as epicotyl length affects the number of primordia initiated during bud development (Pollard 1974) . Seedlings were grouped such that mean shoot length was the same for each GA 3 treatment; each treatment comprised two trays. Foliage was sprayed to runoff twice weekly with either 0 or 0.1% GA 3 in water containing 0.05% Tween 20 for 9 weeks (July 19-September 22). A previous study showed that applying GA 3 as a foliar spray twice weekly during terminal long-shoot bud development in P. sylvestris seedlings was more effective in increasing stem-unit number on the resulting shoot than applying it as a shoot-tip drench or stem injection, and that 0.1% GA 3 was an effective concentration (Little and MacDonald 2003) . Between September 22 (end of GA 3 application) and October 15 (final sampling date), the photoperiod, temperature and mineral nutrition regime remained unchanged.
Shoot apical meristem activity during terminal long-shoot bud development
To investigate the effect of GA 3 application on shoot apical meristem activity during terminal long-shoot bud development, nine seedlings per treatment were randomly sampled at 2-or 4-week intervals between July 19 and October 15, 2000. On each sampling date, terminal long-shoot buds were dissected, fixed in formalin:glacial acetic acid:95% ethanol:water (1:1:14:4; v/v), dehydrated in a tertiary-butyl alcohol series (Johansen 1940) , embedded in wax, and sectioned longitudinally and serially with a rotary microtome set at 8 µm. The sections were mounted on slides and stained with safranin and hematoxylin (Johansen 1940) . The longitudinal section situated in the middle of the serial sections through each bud, denoted median longitudinal section, was selected with the aid of a stereomicroscope and a compound microscope. Up to eight median longitudinal sections for each treatment per sampling date were selected for anatomical observation. The reduction in sample size from greenhouse to data collection reflected loss due to imperfect terminal long-shoot bud orientation during sectioning, which precluded median longitudinal section selection.
For each median longitudinal section, the entire terminal long-shoot bud was photographed through a 10× objective with a digital camera attached to a compound microscope. To achieve the magnification necessary to make accurate observations, buds were photographed in overlapping sections. Color micrographs were printed and individual micrographs were taped together into a composite, each consisting of as many as 26 individual micrographs. On each sampling date, the number of cataphylls and axillary meristems, if present, was counted along each flank of the developing bud axis. On the final sampling date, the type of axillary structure that differentiated was recorded.
The shoot apical meristem of each median longitudinal section was photographed. The shoot apical meristem was delineated as the dome above a line drawn between the most recently initiated cataphylls ( Figure 1 ). The number of cells along this line, denoting shoot apical meristem width, was counted. Then, a line, denoting shoot apical meristem height, was drawn from the highest point of the meristem to the line designating meristem width, and the number of cells along this line was counted (Figure 1 ). Using a compound microscope, the number of cells with mitotic figures was tallied by cytohistological zone. For this study, we used three zones: the apical zone comprising the apical initials and central mother cell zone; the rib meristem; and the peripheral zone (Figure 1 ). Finally, the cells within the shoot apical meristem were counted, and mitotic index was calculated as the percentage of these cells with mitotic figures. As observed in the shoot apical meristem of Pinus strobus L. saplings, the rib meristem was sometimes situated partially or completely below the line drawn between the last-initiated cataphylls (Figure 1 ; Owston 1969) , and in such cases, cells in this area were not considered.
Terminal long-shoot bud components
To quantify the components of the terminal long-shoot bud formed during GA 3 application after the final sampling date for bud development (October 15), two trays of seedlings, one for each GA 3 treatment, were maintained in an unheated greenhouse compartment with the same mineral nutrition regime, but subject to the natural photoperiod. On January 23, 2001, seedlings were transferred to a 5°C cold room to ensure that they received sufficient chilling to enable normal bud flushing. On March 23, 2001, 24 seedlings were randomly sampled from each treatment and were returned to a greenhouse compartment, where they were subject to a 20-h photoperiod and a 22/18°C day/night temperature. On May 1, 2001, after shoot elongation ceased, the numbers of proximal sterile cataphylls, short-shoot buds (as evidenced by secondary needle fascicles) and lateral long-shoot primordia (as evidenced by lateral long-shoot buds) were counted.
Statistical analysis
Data sets for mitotic index, number of cells with mitotic figures, shoot apical meristem height and width, and number of cataphylls and axillary meristems per flank of the bud axis in-cluded low or zero values, and thus were transformed using x + 0 5 . , as suggested by Steel and Torrie (1980) . Raw and transformed data for number of cells with mitotic figures, shoot apical meristem height and width, and number of cataphylls and axillary meristems were analyzed by a model selection log-linear analysis, followed by backward elimination to select a suitable model for each data set (Hill and Lewicki 2006) . Mitotic index data, both raw and transformed, were subjected to univariate analysis of variance (ANOVA). There were no differences in the results of the analyses for raw or transformed data for these variables, thus, the statistics for the raw data are presented. The Kruskal-Wallis test was used to detect treatment differences in numbers of proximal sterile cataphylls, short-shoot buds and lateral long-shoot bud primordia. All statistical analyses were performed using SPSS Version 10.0 (1999; SPSS, Chicago, IL).
Results
Shoot apical meristem activity during terminal long-shoot bud development
Terminal long-shoot bud development began before the start of GA 3 application, as evidenced by the presence of cataphylls (Figure 2A ). Subsequently, cataphyll number (Figure 2A ), mitotic index in the shoot apical meristem (Figure 2B) , number of cells with mitotic figures (mitotic activity) in the apical zone ( Figure 3A ) and peripheral zone ( Figure 3C ) of the shoot apical meristem, and shoot apical meristem height ( Figure 4A ) varied with time (Table 1 ). In addition, cataphyll number (Figure 2A) , number of cells with mitotic figures in the apical zone ( Figure 3A) , and shoot apical meristem height ( Figure 4A ) and width ( Figure 4B ) varied with GA 3 treatment (Table 1) .
In control seedlings, during the first 2 weeks of spraying, cataphyll initiation continued ( Figure 2A ) and mitotic index increased ( Figure 2B) , with most mitotic activity in the peripheral zone, where cataphyll primordia arise (cf. Figure 3C with Figures 3A and 3B ). Both height ( Figure 4A ) and width (Figure 4B ) of the shoot apical meristem increased. Between the second and fourth week of spraying, cataphyll initiation continued at the same rate ( Figure 2A ) and mitotic index was unchanged ( Figure 2B ), whereas mitotic activity in the peripheral zone declined dramatically ( Figure 3C ). Shoot apical meristem height ( Figure 4A ) and width ( Figure 4B ) also decreased markedly. The rate of cataphyll initiation slowed dramatically between the fourth and sixth week of spraying (Figure 2A) . Mitotic index remained unchanged ( Figure 2B ) with limited mitotic activity occurring in the peripheral zone and rib meristem ( Figures 3B and 3C ), but none in the apical zone ( Figure 3A) . Shoot apical meristem height was unchanged ( Figure 4A ), but width declined ( Figure 4B ). Cataphyll initiation continued slowly through the eighth week of spraying ( Figure 2A ). However, mitotic index declined sharply (Figure 2B) , and mitotic activity was reduced in the peripheral zone ( Figure 3C ) and had stopped in the rib meristem (Figure 3B) . By the final sampling date, cataphyll initiation was completed (Figure 2A ), mitotic index was zero ( Figure 2B ), mitotic activity was absent (Figure 3) , and shoot apical meristem height and width were at minimum values (Figure 4) , characteristic of dormant Pinus meristems (O'Reilly and Owens 1987).
In GA 3 -treated seedlings, the rate of cataphyll initiation was higher than in control seedlings between the second and sixth weeks of spraying (Figure 2A ). During this period, mitotic index did not differ from that in control seedlings ( Figure 2B ), but there was a stimulation of mitotic activity in the apical zone ( Figure 3A ; Table 1 ). Although mitotic activity in the peripheral zone did not differ significantly with treatment (Table 1), the number of mitoses observed in this zone 4 and 6 weeks after spraying was greater in GA 3 -treated seedlings than in control seedlings ( Figure 3C ). During the same period, the shoot apical meristem was higher and wider in GA 3 -treated TREE PHYSIOLOGY ONLINE at http://heronpublishing.com seedlings than in control seedlings ( Figure 4 ; Table 1 ). Between the sixth and the eighth weeks of GA 3 spraying, cataphyll initiation slowed ( Figure 2A ) and mitotic index decreased dramatically ( Figure 2B ), with little mitotic activity in the apical and peripheral zones ( Figures 3A and 3C ) and none in the rib meristem ( Figure 3B ). Shoot apical meristem height and width also decreased markedly (Figure 4) . By the final sampling date, cataphyll initiation had finished (Figure 2A) , mitotic index was zero ( Figure 2B ), mitotic activity had ended (Figure 3) , and shoot apical meristem height and width were at annual minimum values (Figure 4 ).
Axillary meristem initiation and differentiation during terminal long-shoot bud development
At the start of GA 3 application, all proximal sterile cataphylls of the terminal long-shoot bud had been initiated. Furthermore, in the axils of medial cataphylls, meristems and rudimentary short-shoot buds were evident. Between the fourth and eighth weeks of spraying, the rate of axillary meristem initiation increased dramatically in GA 3 -treated seedlings compared with control seedlings, thereby increasing axillary meristem number ( Figure 5 ; Table 1 ). In both control and GA 3 -treated seedlings, axillary meristems differentiated into short-shoot buds in medial and distal positions, and into lateral long-shoot bud primordia in the most distal positions. The last-initiated cataphylls lacked axillary structures and overarched the shoot apical meristem in both GA 3 -treated and control seedlings.
Terminal long-shoot bud components
All proximal sterile cataphylls in the terminal long-shoot bud had been initiated before GA 3 application began and thus, their number was unaffected by treatment (Table 2) . However, GA 3 -treated seedlings had more short-shoot buds compared with control seedlings (Table 2) . In contrast, the number of lat- eral long-shoot bud primordia was similar for GA 3 -treated and control seedlings (Table 2) .
Discussion
Foliar spraying of GA 3 during terminal long-shoot bud development in first-year Pinus sylvestris seedlings stimulated cataphyll production ( Figure 2A ; Table 1 ) by promoting mitotic division in the shoot apical meristem ( Figures 3A and 3C ). This increased the rate and duration of rapid cataphyll initiation (Figure 2A ) during the period when most cataphylls are produced (Cannell 1976) . Mitotic activity in the apical zone of the shoot apical meristem was higher in GA 3 -treated seedlings than in control seedlings between the second and sixth weeks of spraying ( Figure 3A ; Table 1 ) generating an increased number of cells to replenish the peripheral zone (Lyndon 1998) as it is consumed during cataphyll primordium initiation (Sacher 1955) . Although not a statistically significant effect, mitotic activity in the peripheral zone remained elevated 4 weeks longer in the GA 3 -treated than in the control seedlings (Figure 3C) , which is consistent with the observed elevation in the rate of cataphyll initiation ( Figure 3C ). Similarly, in Perilla nankinensis (Lour.) Decne. shoot apical meristems, exogenous GA 3 increased the number of mitoses in the central zone (functionally equivalent to apical zone) and the peripheral zone, resulting in faster leaf initiation (Bernier et al. 1964) . Furthermore, the GA 3 -induced increases in mitotic activity in the apical and peripheral zones ( Figures 3A and 3B ) resulted in a higher and wider shoot apical meristem between the fourth and sixth weeks of spraying ( Figure 4B ; Table 1 ), which was temporally associated with the enhancement of cataphyll initiation ( Figure 2A ). Shoot apical meristem width was also positively correlated with cataphyll initiation rate in several untreated Pinus spp. (Sacher 1954 , Sucoff 1971 , Cannell 1976 centage during GA 3 application, which explains why GA 3 treatment did not significantly affect the ratio of these two parameters ( Figure 2B ; Table 1 ). In addition, we surmise that treatment differences in mitotic index were not detected because of the 2-week sampling interval. Exogenous GA 3 increased the number of axillary meristems formed in the terminal long-shoot bud ( Figure 5 ; Table 1 ), which was manifested by an increase in the number of shortshoot buds, but not lateral long-shoot bud primordia (Table 2) . This is attributed to the stimulation of cataphyll production (Figure 2A ), which gives rise to an increased number of sites for axillary meristem initiation, rather than inducing either the conversion of proximal sterile cataphylls to fertile cataphylls or the initiation of multiple axillary meristems per cataphyll.
Ultimately, despite continued GA 3 application for 9 weeks, mitotic index and mitotic activity in the apical and peripheral zones decreased dramatically by the eighth week of treatment, and ended before the final sampling date 5 weeks later (Figures 2B, 3A and 3C) . Previously, we observed that the application of GA 1 , GA 3 or GA 4 , which initially stimulated neoformed shoot elongation in first-year P. sylvestris seedlings, could not prevent the eventual cessation of activity in the subapical meristematic region (Little and MacDonald 2003) . Exogenous GA 3 also elicited a peak in mitotic activity in pith cells, followed by a decline, despite repeated application, in Thlaspi arvense L. (Metzger and Dusbabek 1991) . Whether the loss of efficacy in P. sylvestris was caused by a change in uptake, transport, conjugation, metabolism of exogenous GA or by a loss of GA receptivity in cells of the shoot apical meristem or subapical meristematic region, is not known. Table 2 . Number of proximal sterile cataphylls, short-shoot buds and lateral long-shoot bud primordia in the terminal long-shoot bud of Scots pine seedlings sprayed twice weekly with 0.0% or 0.1% gibberellin (GA 3 ) for 9 weeks (July 19-September 22) during bud development. The components were counted, as mature structures, on the elongated shoot resulting from the terminal long-shoot bud, but are presented as primordial structures. For each dose, mean ± standard error and the P values from the Kruskal-Wallis test are given. For the 0 and 0.1% GA 3 treatments, n = 24 and 23, respectively.
Terminal long-shoot GA 3 spray (%) P value bud component 0 0.1
Number of proximal 22.5 ± 2.3 23.9 ± 3.9 0.5944 sterile cataphylls Number of short-shoot buds 78.1 ± 5.2 129.3 ± 10.9 0.0001 Number of lateral long-shoot 4.8 ± 0.2 4.9 ± 0.2 0.5854 bud primordia
